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Isosteric Transformation 



1. Background of the Invention 

The invention is in the field of the design and synthesis of retro-inverso 
peptides. Subject of the invention is an improved method for isosteric 
transformation, which is easier and faster to perform than conventional 
techniques. The invention also relates to polypeptides obtainable by the new 
method. 

Numerous novel biotechnological drugs are proteins, which interact with 
receptors in the body. Examples of such successful drug developments are 
cytokines like Interleukin 2 and GM-CSF or G-CSF. Another important class of 
protein drugs are antibodies derived from totally recombinant systems such as 
Phage Display or from humanized mouse antibodies. Though being successful 
drugs, proteins as drugs have a number of disadvantages, which induce an 
ongoing search for what is called "small drugs" to substitute these 
biotechnological drugs on the long run. The most prominent disadvantages are 
short half life times in vivo due to proteolytic cleavage of the protein drugs 
and the high likelihood of immune responses to the protein drugs. Inactivating 
antibodies or allergic immune responses can even occur if minor contributions 
of incorrectly folded protein contaminate the protein preparation or if TAG 's 
were used for purification or production purposes. Humanisation of antibodies 
- usually a time and cost intense procedure - can minimize these risks 
considerably, but can not abolish them. 

However, the efforts to end up with classical pharmaceutical "small drugs" i.e. 
small organic molecules turned out to be a highly risky and so far not very 
successful approach. Very few examples, where a small drug could 
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successfully target a complex and large protein receptor are known and could 
be established. 

Among the valid alternatives peptides play a prominent role. Basically, they 
can be derived from complete proteins and can harbour the essential binding 
5 domains of larger proteins. They can be designed as both, agonists or 
antagonists of natural proteins on a given target. Their size usually allows 
chemical synthesis as an alternative to recombinant production. Moreover, 
small peptides are usually less immunogenic than large proteins. Small 
peptides might even be used in special galenic formulations for oral 
10 application. It has turned out that finding a suitable peptide for an intended 
pharmaceutical application is much easier and faster than finding an 
equivalent small drug. 

Nevertheless, immunogenicity is not completely abolished and - more 
importantly - L -peptides are readily degradable in body fluids by numerous 

15 proteases and tend to have an even shorter half life than complete proteins. 
However, it is possible to use L-peptides derived from naturally occurring 
binding domains of proteins as a starting point to design non-biodegradable 
mimetics of L-peptides as the final drug candidates. Among the concepts, 
which are used for such purposes, the design of peptide isosters being 

20 constructed completely by non-natural, frequently by D-amino acids is very 
attractive. This is due to the fact that the same principles of synthesis and 
galenic preparation can be applied to such D-amino acid based peptides as to ( 
their L-amino acid based precursors- These mimetics of L-peptides are still 
peptides. Moreover, the risk of raising additional unexpected toxicity is for 

25 peptidic mimetics of L-peptides much smaller than for conventional organic 
small drugs. 

An important approach to come up with a D-amino acid based L- 
peptidomimetic drug is the concept of retro-inverso peptides. These peptides 
are obtained by reversal of the amino acid sequence followed by inversion of 
30 the stereochemistry at the backbone alpha-carbon atoms (from L-amino acids 
to D-amino acids). While it is sometimes possible just to synthesize the retro- 
inverso peptide corresponding to a given L-peptide without considerable loss 
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of biological activity, such a "trial and error" approach is highly risky and 
normally ends with failure. To minimize the risk of failure, a strategic planning 
of such a synthesis based on molecular modelling is needed in order to reveal 
basic structural problems associated with a given peptide and the intended 
stereochemical turnaround. Unfortunately, such molecular modelling of 
peptides is not trivial and requires a lot of time, efforts and skilled staff. 
A large number of examples of both the success and failure of retro-inverso 
analogues of peptides have been reviewed in the literature [1, 2]. 
Recombinant techniques such as "mirror-image phage display" might also be 
used to obtain D-peptide based isosters of a given L-peptide, but are similarly 
risky and tideous as the actually available computer-based approaches. 
So far, the standard procedures to design novel D-amino acid based isosteric 
peptides are time-consuming and do not automatically lead to conformations 
which mimic the receptor-bound active conformation of the native peptide. 
Generally, the state of the art computer-based procedure to generate a retro- 
inverso peptide as a conformational analogue to a given L-peptide comprises 
the following steps [3]. 

Initially, the sequence of the original peptide has to be reversed. 

In a second step, the stereochemistry of the side chains at the alpha carbon 

atoms has to be changed from L to D. 

To achieve conformational analogy between the original and the retro-inverso 
peptide, the backbone dihedral angle values phi and psi have to be 
interchanged for each corresponding residue. 

While these three basic steps lead to just an intermediate structure additional 
transformations have to be performed, before the structure is ready for 
geometry optimization and molecular dynamics. 
This complete procedure has three main disadvantages: 

Firstly, it is complex, time-consuming and expensive. This is due to the fact, 
that steps 1 and 2 destroy the given structure of the original L-peptide 
completely. Sequence reversal and the change to D-amino acids reconfigure 
the arrangement of the side chains of the amino acids. These have to be 
reconstructed to a "near L-peptide" configuration In steps 3 and 4. Actually, 
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this approach is just using the sequence of the L-peptide as a starting point. It 
does not make any use of the structural information (position and spatial 
orientation of side chains), which is available with the L-peptide. The whole 
process is thus an extremely time consuming "ab initio" modelling process. 
5 Secondly, it can hardly be automatized or implemented in molecular 
modelling software. 

Thirdly, the complete superimposition of the side chains with the native 
peptide is still not achievable. This problem will be even more difficult when a 
retro-inverso peptide has to be designed from a peptide-receptor complex to 
10 achieve a D-amino acid based isosteric peptide with receptor-bound 
conformation. 

The main problem of any classical retro-inverso approach is that no structural 
information is preserved and a high risk of failure is associated with both, the 
"trial and error" synthesis and/or the "destructive/reconstructive" 

15 transformation of an L-peptide into a structurally analogous D-peptide. 

This invention overcomes these disadvantages of the state of the art by 
description of a simple procedure, which preserves the structural information 
associated with a given L-peptide. Furthermore, the invention offers solutions 
for typical structure- and sequence-related problems, which occur during an 

20 intended stereochemical turnaround of a given L-peptide precursor. 
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X. Description of the Invention 

1.1. General Description 

The present invention relates to isosterlc transformation, a new and fast 
procedure enabling structure- based rational design of D-amino acid based 
5 peptides which act as isosters of corresponding native L-peptide precursors. In 
contrast to the conventional methods described above the invention can make 
use of structural information associated with a given L-peptide sequence (e.g. 
crystaliographic data, NMR-data), usually showing this L-peptide being docked 
on its target binding site. 

10 

Subject of the invention are methods, polypeptides, compounds, uses and 
pharmaceutical preperations of any of claims 1 to 29. The central idea of the 
rational design according to the invention is to maintain the spatial orientation 
of the side chains of the amino acids during the whole procedure. Thus, there 

15 is no need for exchange of phi and psi dihedral angles and complete de novo 
construction of the intended molecule. The procedure according to the 
invention achieves this by just changing the backbone structure of the 
precursor peptide, while avoiding the exchange of complete amino acid 
moieties (no formal substitution of L-amino acids by D-amino acids). Since the 

20 peptide bonds of the backbone are strictly planar structures, this approach 
does not change the orientation or structural properties of the side chains, 
including that of covalent side chain modifications like disulfide bridges, helical 
constraints or other structural properties like e.g. helices or beta-sheets. The 
workflow of these operational steps can easily be automatized on standard 

25 modelling software. The invention also covers any software or algorithm, 
which automates the steps of the invention on a computer. In particular, the 
method of the invention is performed according to the steps depicted in Figure 
1. 

Isosteric transformation offers fast access to structural data of an intended D- 
30 analogue of an L-peptidic precursor. This allows instant assessment of the two 



WO 2005/090389 



PCT/EP2005/051256 



6 

main problems, which can render the newly designed molecule 
stereochemical^ incompatible with its precursor: 

the occurrence of L-proline(s) in the sequence of the precursor, and the 
charges at the terminal ends of the peptide. 
5 While synthetic solutions for modification of the charges at the ends of a 
peptide - if necessary - are available, the invention disclosed here offers a 
number of synthetic solutions for the proline problem, which can be used for 
structurally correct replacement of proline(s) during isosteric transformation. 
Isosteric transformation thus offers fast and attractive solutions for the 

10 stereochemical mirroring of L-peptide precursors - even of proline containing 

peptides - into respective D-peptide analogues. '• 
The invention also relates to the synthesis of these newly designed compounds 
and relates to peptides containing building blocks and terminal modifications in 
D-peptides according to the invention. In general, the invention provides 

15 solutions which can be adapted to almost every peptidic structure provided 
sufficient information on the L-peptidic structure serving as the starting point 
was available. 

It is clear to persons skilled in the art, that the principle of the invention 
disclosed herein, can be used also without the availability of detailed structural 

20 data, e.g. based on sequence information alone. However, this implies that a 
"trial and error" approach in the synthesis laboratory has to be used in 
connection with suitable e.g. in vitro test systems to identify active and ( 
structurally valid D-amino acid based substances. Though making use of the 
principle of this invention, this approach does not share ail advantages - 

25 especially the fast lead-finding opportunity - with the complete structure- 
based implementation of the invention as disclosed below. It is clear, however, 
that such partial implementations of the inventive principle are also covered 
by the procedure of this invention. 

1.2. Detailed Description 



30 The present invention discloses a method for designing a peptide isoster or 
peptide-like substance based on the coordinates of the structure of a native 
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peptide by the inversion of one ore more (up to all) peptide bonds, comprising 
steps a -c: 

Importing the structural data of the given L-peptide into a suitable computer 
device, on which a software is loaded, which is able to handle structural data 
5 of the given peptide conformation 

replacing the atoms of the native carbonyl-(CO) backbone-group by an amijde- 
(NH) group, 

replacing the atoms of the native amide-(NH) backbone-group by a carbonyl- 
(CO) group. 

10 Steps a to c can be performed manually by a skilled staff member using the 
given software utility or can be automatized by appropriate programming of 
the computer/software unit. Even for a complex peptidic structure, steps a to c 
caii be passed within a few hours. These steps will end in an intermediate 
structure, which contains all side chains in correct spatial orientation and 

15 shows an already inverted backbone relating to a D-peptide structure. The 
terminal part of the peptide is not yet inverted. Thus, this primary product 
structure has a non-terminally inverted backbone (see example below, 
reduced to a two-dimensional sketch). 

20 




COOH 



In a further aspect of the invention, the C-terminal and/or N-terminal end 
25 groups can be modified in addition to non-terminal backbone inversion. The C- 
terminal carboxyl group can be interchanged by an amino group and/or the N- 
terminal amino group can be interchanged by a carboxyl group: 
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These additional Steps lead to 3 additional molecules, which together with the 
5 primary product structure serve as the starting point for optimisation of the 
overall design according to the invention (see below). In some of these cases, 
gem-diaminoalkyl and C-2-substituted malonyl residues are incorporated as 
terminal end groups. The synthesis of such building blocks has been reviewed 
in detail. [4] 

10 So far, this method has already three main advantages as compared to the (' 
classical methods of isoster design: 
It is easy and quickly to perform. 

It can easily be automatized or implemented in molecular modelling programs. 
The geometry and conformation of the side chains of the resulting structure, 
15 which is the starting point for further optimization and dynamics, does not 
change in comparison to the native peptide. This is a big benefit, especially for 
the design of receptor- bound peptides, because this method generates 
isosters which maintain the same side chain conformation as the native . 
peptide. Thus, the resulting primary product structure is an isoster and has 
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equivalent sidechain Interactions with the receptor protein as the original L- 
peptide. 

The following two-dimensional figure illustrates these advantages of the 
isosteric transformation method: it takes fewer operations and the geometry 
5 of the side chains is never changed. 



H. 




amino acid Inversion 
(from L to D) 




This invention also provides polypeptides based on D-amino acids obtained by 
the method described above. Due to the fact that this method is a general way 
10 to generate isosteric structures of L-peptides, the invention also provides 
compounds which are isosteric to proline-containing peptides. 

Thus, the present invention also provides building blocks which are important 
when the native peptide contains one ore more proline residues. Proline is 
15 often considered incompatible with the conventional retro-inverso approach 
[5], even if examples of proline-containing retro-inverso peptides retain 
biological activity [6]. Proline is the only natural cyclic amino acid in which the 
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side chain is tethered to the alpha amino group and thus back to the 
backbone. This property defines a special for isosteric transformation, which is 
based on backbone inversion and thus leads in the case of proline - as an 
exception among the amino acids - to stereochemical distortion during 
5 isosteric transformation. Moreover, this constraint dictates restricted backbone 
dihedral angles that are different to those found in peptides not involving 
proline. In standard retro-inverso peptides, directional reversion of proline 
leads to topochemical displacement of the pyrrolidine ring in comparison to the 
native peptide. This is also true for the isosteric transformation method 

10 presented here. However, by isosteric transformation as described above, the 
non-terminally backbone-inverted peptide can be tested e.g. by molecular 
dynamics for possible incompatibility with the structural requirements defined 
by the original L-peptidic structure. Thus, already before synthesis and in vitro 
testing, a rationale can be developed, whether the proline problem is actually 

15 an important aspect of the given structure. In case that reversal of the 
backbone distorts the structure at the proline position unacceptably, the 
isosteric transformation method offers a number of solutions for this specific 
but frequent problem: 

In structures like beta-turns or beta-hairpins, proline can often be replaced by 
20 a glycine after isosteric transformation: 



25 



30 



WO 2005/090389 



PCT/EP2005/051256 



11 



; H O • '. O '. 
; O / R w • H \ 



native 
peptide 



partial backbone inversion 



complete backbone in\i 



I : H 

H R 



H 

I 

,N 



isosters 



H 



10 



In a further aspect of the invention, in addition to isosteric transformation, two 
amino acid units (the proline and the immediately neighbouring residue) can 
be replaced by one building block like 5-Aminovaleric acid or its derivatives: 
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Generally, after isosteric transformation, two amino acids (the proline and the 
immediately neighbouring residue) can be replaced by a building block 
represented by the generic formula 
...-(CO)-X 1 -X 2 -X 3 -X 4 -NH-... 
5 Wherein X 1 , X 2 , X 3 , and X 4 are independently selected from CH 2 , (C=0), NH, 
NR, O, (CHR), or (CR 2 ), wherein R in an amino group, an alcohol, halogen or 
any organic residue. The following figure shows some examples of the use of 
building blocks described by this general formula: 



O O 




conformation of the proline residue after isosteric transformation and replace 
proline and its neighbouring amino acid residue: 

15 



20 
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The use of such a building block is useful and possibly necessary in cases 
where glycine or extended glycine equivalent structures like 5-aminovaleric 

10 acid derivatives do not suffice to stabilize the sterical properties of a given 
peptide adequately. This is especially true, where an "induced fit" into the 
target structure becomes problematic for the peptide without adequate 
reconstruction of proline-specific conformations. Proline-replacing building 
blocks like the one shown here for replacement of proline and a neighbouring 

15 glycine can be constructed according to the generic formula given below: 

In a further aspect of the invention, after isosteric transformation, two 
neighbouring amino acids (one of which was proline) can be replaced by a 
building block represented by the generic formula 

. . . X 1 N — ^ ^. .. 
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Wherein X 1 , X 2 and X 3 are independently selected from CH 2/ (C=0), O, S, NH, 
NR, (CHR), or (CR 2 ), wherein R in an amino group, an alcohol, halogen or any 
organic residue. The following figure shows some examples of building blocks 
described by this general formula: 

5 




The use of such a building block is useful and possibly necessary in cases 
where glycine or extended glycine equivalent structures like 5-aminovaleric 
10 acid derivatives do not suffice to stabilize the sterical properties of a given 
peptide adequately- This is especially true, where an "induced fit" into the 
target structure becomes problematic for the peptide without adequate 
reconstruction of proline-specific conformations. 

15 In a further aspect of the invention, after isosteric transformation, two amino 
acids can be replaced by a building block represented by the generic formula 
O H 

wherein X 1 , X 2 , X 3 and X 4 are independently selected from CH 2 , (C=0), O, S, 
20 NH, NR, (CHR), or (CR 2 ), wherein R in an amino group, an alcohol, halogen or 
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any organic residue. The following figure shows some examples of building 
blocks described by this general formula: 

5 




The use of such a building block is useful and possibly necessary in cases 
10 where glycine or extended glycine equivalent structures like 5-aminovaleric 
acid derivatives do not suffice to stabilize the sterical properties of a given 
peptide adequately. This is especially true, where an "induced fit" into the 
target structure becomes problematic for the peptide without adequate 
reconstruction of proline-specific conformations. The molecules based on the 
15 generic formula shown here can be used alternatively to the pyrrolidin-based 
structures shown earlier. 

The building blocks and the use of the building blocks as outlined above are 
especially useful in isosteric transformation of polypeptides comprising proline 
20 according to the invention. However, they are also useful in conventional 
techniques for the design and production of D-peptides and retro-inverso 
peptides. 

Amino acids described in this invention can be of the naturally occurring L- 
25 stereoisomer form as well as the enantiomeric D form. The one-letter code 
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refers to the accepted standard polypeptide nomenclature, but can mean 
alternatively a D- or L-amino acid. Lower case letters refer to D amino acids: 
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A L-Alanine or D-Alanine 

V L-Valine or D-Valine 

5 L L-Leucine or D-Leucine 

I L-Isoleucine or D-Isoleucine or 

D-a//o-Isoleucine 

M L-Methionine or D-Methionine 

F L-Phenylalanine or D- 

10 Phenylalanine 

Y L-Tyroslne or D-Tyrosine 

W L-Tryptophan or D-Tryptophan 

H L-Histidine or D-Histidine 

S L-Serine or D -Serine 

15 T L-Threonine or D-Threonine or 
D-a//o-Th reon i n e 

C L-Cysteine or D -Cysteine 

N L-Asparagine or D-Asparagine 

Q L-Glutamine or D-GIutamine 

20 D L-Aspartic acid or D-Aspartic 
acid 

E L-Glutamic acid or D-Glutamic 
acid 

K L-Lysine or D-Lysine 

25 R L-Arginine or D-Arginine 

P L-Proline or D-Proline 

G Glycine 

a D-Alanine 

30 v D-Valine 

I D-Leucine 

i D-Isoleucine or D-a//o- 
Isoleucine 

m D-Methionine 

35 f D-Phenylalanine 

y D-Tyrosine 

w D-Tryptophan 

h D-Histidine 

s D-Serine 

40 t D-Threonine or D-a//o- 
Threonine 

c D-Cysteine 

n D-Asparagine 

q D-GIutamine 

45 d D-Aspartic acid 

e D-Glutamic acid 

k D-Lysine 

r D-Arginine 

p D-Proline 



WO 2005/090389 



PCT/EP2005/051256 



18 

2. Examples 

2.1. Isosteric transformation of peptides 

2.1.1 Isosteric transformation of a proline-free helical peptide 

which binds to the beta chain of the interleukin-2 receptor 

5 

The following example demonstrates the transformation of a helical peptide 
which binds to the beta chain of the interleukin-2 receptor. 

This peptide - In analogy to interleukin-2 (IL-2) - has the capability to bind to 
10 IL-2 specific receptors with high affinity. IL-2 is a cytokine used in tumor 
therapy. IL-2 binds to specific receptors (IL-2R) whereby the IL-2-specific 
intracellular signals are triggered. 

IL-2 has stimulating effects on the growth of T and B lymphocytes, activates 
15 cytotoxic and cytolytic NK cells. Thus it has a central significance in the 
regulation of the immune response. Thus, IL-2 is of fundamental importance in 
the immune response to tumors and inflammatory reactions. One of the 
mechanisms which is of importance for the tumor defense with IL-2 seems to 
be the induction of LAKs ("lymphoklne activated killer cells"). These cells are 
20 able to destroy tumor cells. 

The structure file with the coordinates of the native peptide contains the 
structure of the complex between a helical peptide with the formula 
STKKTQLQLEHLLLDLQMILNGINNY and the beta and gamma chain of the 
25 interleukin-2 receptor. This helical peptide offers an ideal example for the 
implementation of isosteric transformation: 
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The coordinates of the homodimeric peptide in receptor-bound conformation 
are imported into molecular modelling software. 

The atoms of the native carbonyl- (CO) backbone groups are replaced by 
amide-(NH) groups. 

5 The, atoms of the native amtde-(NH) backbone groups are replaced by 
carbonyl-(CO) groups. 

The procedure of isosteric transformation leaves the conformation of the side 
chain atoms unchanged, because the modifications only take place In the 
10 backbone. Therefore this method is a good procedure to generate a starting 
conformation for the design and optimization of a receptor-binding peptide 
which is based on D-amino acids. 

A comparison of the structure of the native helical peptide with the resulting 
15 structure after isosteric transformation and geometry-optimization 
demonstrates the structural equivalence of the native peptide and the 
transformed molecule is shown in figure 2. 

One of the effects of the backbone reversion is not only the reversion of the 
20 amino acid sequence but also the inversion of the configuration of the alpha 
carbon atoms of the amino acids, which changes from L to D. This is indicated 
by lower case letters in the amino acid sequences in this invention. Threonine 
contains two chiral centres and therefore, while maintaining side-chain 
chirality, the appropriate isoster is D-a//o-Thr, which is indicated by a lower 
25 case *t" in the peptide sequence formulas. 

Overall, the isosteric transformation of the L-peptide with the formula 
STKKTQLQLEHLLLDLQMILNGINNY is transformed to a D-peptide which can 
be described with the formula ynnignlimqldlllhelqlqtkkts. The present 
30 invention discloses a fast method to generate coordinates of an isosteric, 
receptor-docked structure of this peptide. 
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The resulting peptide is entirely composed of D-amino acids. This leads to 
longer biological half-life in comparison with the native L-peptide. A peptide 
based on D-amino acids is more stable according to proteolytic enzymes. 
5 - Thus, the isosterically tranformed peptide mimetic is designed to have better 
properties as a pharmaceutical than the L-peptide. 

The D-peptide is suited for the treatment of diseases of the immunologic 
system, e.g., inflammations and arthritic processes or of immunodeficiency 
10 syndromes of all types and genesis; diseases connected with an increased ( 
proliferation of cells, e.g., carcinoses, for example in the form of carcinomas, 
sarcomas, lymphomas and leukaemias; or infectious processes. 

2.1.2 Isosteric transformation of a peptide which binds to the 
15 erythropoietin receptor 

The following example demonstrates the transformation of a peptide which 
binds to the erythropoietin receptor. 

20 The coordinates which represent the native structure are publicly available in 1 
the Protein Data Bank (PDB code: 1EBP). This file contains the structure of the 
complex between a dimeric agonist peptide with the formula 
TYSCHFGPLTWVCKPQ and the dimeric erythropoietin receptor [7]. This 
structurally well-documented peptide offers an ideal example for the 

25 implementation of isosteric transformation: 

The coordinates of the homodimeric peptide in receptor-bound conformation 
are imported into appropriate modules of the Sybyl modelling software. 
The atoms of the native carbonyl-(CO) backbone groups are replaced by 
amide-(NH) groups. 
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The atoms of the native amide-(NH) backbone groups are replaced by 
carbonyl-(CO) groups. 

Since the peptide sequence harbours two proline residues, structural 
distortions at the site of the prolines occur in the primary structure obtained 
5 by isosteric transformation. However, it is also obvious, that the secondary 
structure of the peptide in "induced fit" position is stabilized by numerous 
other molecular interactions and does potentially not require the specific 
conformations induced by proline-specific properties- Proline - though 
supportive for the induced fit conformation - is thus not essential for it and 

10 can be replaced in the most simple case by the very flexible glycine. 

The procedure of isosteric transformation leaves the conformation of the side 
chain atoms (with the exception of the native proline residues) unchanged, 
because the modifications only take place in the backbone. A comparison of 
the structure of the native dimeric peptide with the resulting structure after 

15 isosteric transformation and replacement of prolines by glycines demonstrates 
the structural equivalence of the native peptide and the transformed molecule 
is shown in figure 3. 

The direction of the arrows in figure 3 indicates the direction of the backbone 
20 from the N-terminal ends to the C-terminal ends. After isosteric 
transformation, the structure is ready for further geometry optimization and 
molecular dynamics simulations. 

One of the effects of the backbone reversion is not only the reversion of the 
amino acid sequence but also the inversion of the configuration of the alpha 

25 carbon atoms of the amino acids, which changes from L to D. This is indicated 
by lower case letters in the amino acid sequences in this invention. Threonine 
contains two chiral centres and therefore, while maintaining side-chain 
chirality, the appropriate isoster is D-a//o-Thr, which is indicated by a lower 
case n t" in the peptide sequence formulas. 

30 The resulting molecule structure can be described by the following formula: 
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HOOC 




GkcvwtlGGfhcsy 




OH 



NH 2 



CONH 2 



threonine 
Isoster 



glutamine 
isoster 



D amino acid 
sequence 

(after backbone inversion) 



In addition to the steps above, the C-terminal carboxyl groups are 
interchanged by amino groups and the N-terminal amino groups are 
interchanged by carboxyl groups. 

Overall, the isosteric transformation of an L-peptide with the formula 
TYSCHFG PLTWVCKPQ is transformed to a D-peptide which can be described 
with the formula qGkcvwtlGGfhcsyt. 

This formula includes possible modifications of the C- and N-terminal ends of 
the peptide by e.g. addition of additional non-binding amino acids such as 
glycine or alanine as well as amidation and/or acetylation of the N- and C- 
terminal ends. 

2.1.3 Substitution of two amino acids by 5-aminovaleric acid 

As a further example of an isosteric transformation of the native peptide 
shown in 2.1.2, two amino acids are replaced by 5-aminovaleric acid (5-Ava) 
additionally to the operations described in 2.1.2. Overall, the isosteric 
transformation of an L-peptide with the formula TYSCHFGPLTWVCKPQ is 
transformed to a D-peptide which can be described with the formula 
qGkcvwtl-(5-Ava)-fhcsyt. 

The use of this building block is illustrated by the structures shown in figure 4. 
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2.2. Synthesis of the building block 3-(2S-Allyloxycarbonylamino- 
pyrrolidin-l-yl)-3-oxo-propionic acid: 

In addition to replacement of proline by structurally inert or just flexible 
residues like glycine it might be necessary or advantageous to reconstruct the 
5 properties, which were induced by L-proline in the precursor peptide by an 
appropriate synthetic building block mimicking a retro-proline in the peptide 
obtained by isosteric transformation. Below we describe the synthesis of a 
molecule, which can fulfil this type of building block function in e.g. the 
abovementioned erythropoietin-mimetic peptide by replacing proline and its 
10 neighbouring glycine residue: 



Precursor l-(2-Methoxycarbonyl-acetyl)-pyrrolidine-2S-carboxylic acid: 
L-Proline (3.45 g, 30 mmol) was dissolved in 30 ml IN NaOH und diluted with 

15 30 ml water. Stirring vigourously methyl 3-chloro-3-oxopropionate (4.10 g, 30 
mmol) and 30 ml IN NaOH were dropped simultanously at 0°C. The solution 
was stirred for one hour at 0°C and another hour at room temperature. The 
mixture was acidified with saturated NaHS0 4 solution to pH = 1-2 and 
extracted several times with ethyl actetate. The combined organic layers were 

20 dried (Na 2 S0 4 ), the solvent removed in vacuo, and the resulting crude oil 
purified by silica column chromatography. 

Precursor: 3-(2S-Allyloxycarbonylamino-pyrrolidin-l-yl)-3-oxo-propionic acid 
methyl ester: 

Diisopropylethylamlne (0.97 g, 7.5 mmol) was added dropwise to a solution of 
25 l-(2-Methoxycarbonyl-acetyl)-pyrrolidine-2S-carboxylic acid (1.08 g, 5.0 
mmol) in acetone (15 ml) and water (0.5 ml) at 0 °C. Ethyl chloroformate 
(0.76 g, 7.0 mmol) was added dropwise and the solution stirred for 30 min at 
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0 °C. 4 N aqueous NaN 3 (2.0 ml, 8.0 mmol) was added and the solution stirred 
for additional 3 hat 0°C. The solution was partitioned between H 2 0 (20 ml) 
and Et 2 0 (30 ml) and the aqueous layer extracted with Et z O (4 x 30 ml). The 
combined organic layers were dried (MgS0 4 ) and toluene (20 ml) added. Et 2 0 
5 was removed under reduce pressure, and allyl alcohol (1.37 ml, 20 mmol) 
added. The reaction mixture was heated at reflux for 4 h. The solvent was 
removed under reduced pressure and the resulting oil purified by silica column 
chromatography. 

3-(2S-Allyloxycarbonylamino-pyrrolidin-l-yl)-3-oxo-propionic acid : 
10 3-(2S-Allyloxycarbonylamino-pyrrolidin-l-yl)-3-oxo-propionic acid methyl ( 
ester (1.35 g, 5.0 mmol) was dissolved in 2-hexanone (6 ml). Dry lithium 
bromide (0.48g, 5,5 mmol) was added, and the reaction mixture heated at 
reflux for 1 h. The cooled mixture was partitioned between water (20 ml) and 
Et z O (30 ml). The aqueous layer was extracted with Et 2 0 (3 x 30 ml), the 
15 combined organic layers dried (MgS0 4 ), and the solvent removed in vacuo. 
The resulting solid was recrystallized from ethyl acetate/hexane. 



( 
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